Ion irradiation induced phase transformation in calcite single crystals have been studied by means of Raman and infrared spectroscopy using 120 MeV Au 9+ ions. The observed bands have been assigned according to group theory analysis. For higher fluence of 5 × 10 12 ion/cm 2 , an extra peak on either side of the 713 cm −1 peak and an increase in the intensity of 1085 cm −1 peak were observed in Raman studies. FTIR spectra exhibit extra absorption bands at 674, 1589 cm −1 and enhancement in bands at 2340 and 2374 cm −1 was observed. This might be due to the phase transformation from calcite to vaterite. The damage cross section (σ ) for all the Raman and FTIR active modes was determined. The increase of FWHM, shift in peak positions and appearance of new peaks indicated that calcite phase is converted into vaterite.
Introduction
When swift heavy ions (SHI) pass through a solid target, a considerable amount of energy is transferred by the collisions with the electrons of the target material, resulting in transient high energy densities along the ion paths. The knocked out electrons, in turn, either dissipate their energy by collisions with other electrons or by electron-phonon coupling. High energy densities are known to be a prerequisite for phase transitions, which have occasionally been found to occur along swift heavy ion tracks [1, 2] . Calcium carbonate occurs in three main crystalline polymorphs (calcite, aragonite, and vaterite), in two hydrated crystal forms (calcium carbonate monohydrate and calcium carbonate hexahydrate), and also as an amorphous material [3] . Calcite is the most abundant form and is widely distributed in the earth's crust followed by aragonite and vaterite. From the thermodynamic viewpoint, calcite is more stable than the other two structures at room temperature and atmospheric pressure, whereas vaterite is the most unstable polymorph which is rarely seen. Calcium carbonate has been widely used as a model system for investigating inorganic precipitation reaction or crystallization due to its important industrial application in paints, plastics, rubber, paper, cosmetics, and food industries [4] .
Calcite has a trigonal structure with two molecules per unit cell. The calcium ions and the carbon atoms of the carbonate ions all lie on the trigonal axis and the orientations of the two carbonate ions are staggered relative to each other so that there is a center of symmetry. The structure of calcite is of greater interest because of a number of important mineral constituents of sedimentary rocks, including magnesium and iron bearing carbonate, having structures that are identical with or closely related to the calcium pattern [5] . Therefore, the structure of calcite serves as a logical starting point in describing the structure of such materials.
Some studies have been carried out on phase transformation of calcite to other phases including ball milling [6] , temperature, pressure [7, 8] , hydrothermal synthesis [9] etc. Previous works [7, 8] from IR and Raman studies on calcite crystals have demonstrated that carbonate internal modes were sensitive to the phase changes from temperature and pressure and could effectively be used to probe the structural transitions. However, to the best of our 
Results and discussion
Raman spectroscopy is known to be a nondestructive material characterization technique. It provides a unique way of probing surface and structural properties of ion beam modified materials. According to factor group analysis 27 optical modes will be distributed (lattice modes, internal modes) [11] . In Raman spectrum of calcite, a total of five fundamental vibrational modes, two lattice modes and three internal modes are expected to be active [12] along with overtone of the infrared active 2υ 2 mode at 1759 cm −1 . Fig. 1 . These fundamental bands are in good agreement with those reported in the literature [13] [14] [15] [16] . From factor group analysis of calcite, internal A 1g mode (υ 1 , symmetric stretch) of the carbonate anion located at ∼1085 cm −1 is the strongest feature. The weak lines located in the regions of 1485 and 713 cm −1 are due to internal E g modes corresponding to the in-plane bending (υ 4 ) and anti-symmetric stretching (υ 3 ) modes of CO 2− 3 ions. The two small bands at 152 and 280 cm −1 have been assigned to translational and rotational (E g ) modes respectively.
The overtone band at ∼1759 cm −1 is an A 1g internal mode corresponding to out-of-plane bending (υ 2 ). The strong Raman vibrational band at 1085 cm −1 corresponding to the case in which all the CO 2− 3 groups vibrate as in identical phases [17] . The band at 1542 cm −1 (υ 1 ) which is produced by the stretching vibration of -C=C-double bonds, and at 1118 cm −1 (υ 1 ) stretching of -C-Csingle bonds [18] .
Liu et al. [19] have studied the phase transformation of calcite by Raman spectra in hydrostatic pressure environment. They observed most intense band at ∼1085 cm −1 (A 1g mode), two sets of doubly degenerate, internal E g modes (712 and 1434 cm −1 ) and start growing with additional features arising at 713 cm −1 peak. In order to identify the extra bands produced after irradiation, we deconvoluted the peak using ORIGIN 8.0 software. The results indicate that the asymmetric peak is nicely presented as a mixture of three Gaussian peaks at 705, 708 and 716 cm −1 respectively (two from lower wave number side and one from higher wave number side) (Fig. 2) .
Increase of FWHM and area under the peak, peak shift towards higher wave number side as well as presence of new peaks at 713 cm −1 were observed ( Fig. 3 ) with increase of ion fluence. This is a strong evidence of phase transformation of calcite. The decrease in intensity of sensitive Raman bands with increase of ion fluence might be due to breakage of CO 2− 3 ions due to amorphization/ either change in the crystal phase or surface amorphization. Amorphization occurs because each incident ion creates one or several different cascades which become amorphous as a result of the rapid quenching and these cascades eventually overlap to form an amorphous solid [19] .
Benyagoub et al. [21] have studied phase transformation induced in pure zirconia by high energy heavy ions with 58 Ni (550, 300, 135 MeV) and 76 Ge (300 MeV). The phase transformation was studied by means of XRD and Raman spectroscopy. The experiments clearly confirm that the irradiation of pure zirconia with swift heavy ions can induce a crystalline phase transformation from monoclinic to tetragonal phase. It is demonstrated that this transformation is triggered only when the deposited electronic energy loss is in excess of a threshold ∼13 keV nm −1 . If electronic energy loss is less than the threshold, amorphization, defect and track formation were observed. From transport of ions in matter (TRIM) calculations, when the energy of the incident ions is of few keV then the nuclear energy loss (S n ) are significant as compared to electronic energy loss (S e ). In the present experiment we have used 120 MeV energy for irradiation and the nuclear energy is dominant over the electronic energy transfer interactions in the near surface region. Therefore, there is a possibility of phase transformation of calcite.
FTIR studies have been carried out to confirm the phase transformation/surface amorphization. Fig. 4 In the FTIR spectra, out-of-plane bending (υ 2 ), the asymmetric stretching (υ 3 ) and inplane bending (υ 4 ) modes of CO 2− 3 ions and found to be active as predicted from the factor group analysis [17] . Besides the first order internal modes the υ 1 + υ 4 , 2υ 2 + υ 4 , 2υ 3 combinational modes are observed. The presence of non-splitting peaks υ 2 and υ 4 in the pristine sample indicate the presence of calcite structure in the sample.
It is observed from the figure, in ion irradiated sample, an extra absorption bands at 674 and 1589 cm −1 , at the same time the other absorption bands completely destructed with increase of ion fluence. The destruction of these modes with irradiation may further enhance the amorphous in nature of the sample. The decrease in (Raman and FTIR) intensity might be attributed to the destruction of the surface chemical species
3 ) because of the energy deposited through S e during SHI irradiation and formation of non-radiative recombination centers at higher fluences. The irradiation effects may lead to the restructuring of the chemical species because of the energy deposited through electronic energy loss during the process of SHI irradiation and formation of ion induced defects leading to non-radiative recombination centers. These two processes are simultaneous consequences of irradiation and they compete with each other [22] . The degradation/enhancement in Raman peaks intensity might be due balance between these two effects. The mode assignments of fundamental bands in FTIR and Raman studies are given in Table 1 . Shivakumar et al. [23] have studied the synthesis of vaterite phase by direct precipitation of glycine and L-alanine. They observed a characteristic CO The damage cross section (σ ) for the destruction of the CaCO 3 can be observed from the decrease in the Raman peak intensity as a function of Au 9+ ion dose. Following the analysis suggested in [24] we assume that the areal density N of the . This is the least affected vibrational mode. Atomic Force microscopy (AFM) and glancing angle X-ray diffraction (G-XRD) are effective tools for examining surface modifications/ phase transformation of the sample.
Conclusions
The Raman and Infrared spectroscopic studies of 120 MeV Au peak was observed in Raman studies. Whereas in FTIR studies, extra absorption bands at 674, 1589 cm −1 and enhancement in absorption bands at 2340 and 2374 cm −1 was observed. This might be due to the phase transformation from calcite to vaterite. The damage cross section (σ ) for all the Raman and FTIR active modes were determined and found to be different for different modes.
The increase of FWHM, shift in peak positions and appearance of new peaks indicated that calcite phase is converted into vaterite.
